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Abstract. Thermal energy storage (TES) systems are integral to concentrated solar power
(CSP) plants. A major design consideration for TES systems is the tank's storage temperature.
The tank cools over time due to heat loss through its boundaries. This paper presents a model
for tracking and quantifying heat loss through the tank's floor, walls, and roof. The heat transfer
mechanisms incorporated in the model are convection, conduction, and radiation. The perfor-
mance of the developed model is validated against previous studies and used to understand
the effect of the fluid level on tank losses. The model serves as a tool to compare different
thermal energy storage (TES) system designs and gain insights into which minimises the heat
loss. The paper details the modelling assumptions, methodology, and validation results. The
model is intended for comparative assessment during conceptual design, enabling rapid eval-
uation of TES configurations where relative differences matter more than absolute precision.
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1. Overview

TES systems increase the dispatchability of CSP plants by storing thermal energy for extended
periods without significant temperature decline [1]. The cooling rate is controlled by tank insu-
lation, and understanding heat losses can guide decisions on insulation type and thickness.
The objective of the study is to develop a model to quantify heat losses from a TES tank and
demonstrate its applicability to a packed-bed system. The model is intended for comparative
assessment during conceptual design, enabling rapid evaluation of TES configurations where
relative differences matter more than absolute precision. Figure 1 illustrates the TES tank and
details the different loss streams in the system. The model development is elaborated upon in
the methodology below.

2. Literature survey

A single-tank TES system utilises a thermocline to store both the hot and cold storage fluids
within the same tank, rather than in separate ‘hot’ and ‘cold’ tanks. The thermocline refers to
the temperature gradient separating these two temperature regions. Bonanos et al. [2] reported
that heat losses to the environment result in a gradual decrease in the exit temperature of the
fluid leaving the tank. Hoffman et al. [3] investigated the influence of heat loss on thermocline
system efficiency and found that, during the discharge phase—when the tank is at its highest
temperature—the efficiency declines more rapidly due to increased thermal losses. This aligns
with fundamental heat transfer principles, as the temperature differential across the tank wall
is greatest at elevated tank temperatures. Tagle-Salazar et al. [4] and Zaversky et al. [5] have
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also modelled heat losses from single-tank systems, accounting for time-varying environmen-
tal conditions.

The purpose of this paper is to develop a simplified model for evaluating heat losses from
a single-tank TES system. Based on the findings of Hoffman et al. [3], heat losses are modelled
at the hot operating temperature to provide an upper bound on the expected losses from the
TES system.
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Figure 1. Schematic of a TES system showing the heat loss components from the molten salt

3. Methodology

The model shown in Figure 1 illustrates a one-dimensional analysis of heat losses from the
thermal energy storage system. Only the losses in the direction outward through the roof, wall,
and floor are accounted for. In modelling the system, some simplifying assumptions are made.
These include:

¢ The model assumes no mass flow into or out of the system, limiting the analysis to heat
losses from the tank during its idle state.

e The molten salt is considered ideally mixed, meaning there are no temperature gradi-
ents within the fluid volume, except at the layer boundaries. This simplifies the model
by representing the salt mass's temperature with a single node.

e For simplicity, the entire storage material volume is assumed to initially be at the hot
temperature. This provides a conservative estimate of heat losses due to the larger
temperature difference between the storage material and the outside ambient temper-
ature.

The system uses three heat transfer mechanisms: convection, conduction and radiation.
Convection occurs at the walls, the roof, the floor, and the salt-air interface. All surfaces, except
the tank's external roof, are subject to natural convection. Simplifying the tank geometry, the
floor, roof, and salt-air interface are modelled as flat horizontal plates. According to Tagle-
Salazar et al. [4], the following two correlations have been developed to calculate the Nusselt
number heat transfer coefficient for flat horizontal plates (equations 2 and 3) and a third for
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vertical plates (equation 4). These relations perform better than other correlations, are valid
over a wider range of Ra, Pr, and Re values, and are used in this model to determine the
Nusselt numbers [6]. These Nusselt number correlations form the basis for the model being
developed.
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(1)

The diameter of molten salt tanks is generally large enough that the curvature effects in
the walls can be neglected. When equation 1 is satisfied, the walls can be treated as flat plates
to simplify the analysis. The dimensions of commercial-scale molten salt tanks are typically
less than 10 m, with a diameter of around 40 m. Finally, the external roof is subjected to forced
convection and is a function of Reynold's number characterising the flow across the tank roof,
governed by equation 5.

Natural convection: hot flat plate facing upwards (molten salt surface, interior roof)
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M T (2)
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Where C=0.766, n = 1/5, P=4/11 for Ra < 10%, and C= 0.15, n=1/3, P=20/33 for Ra > 10°

Natural convection: cold flat plate facing upwards (floor)
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Equation 6 describes the conduction formula used in the model. This applies to all the
layers of steel and insulation making up the tank roof, wall and floor. The thickness of the tank
wall, measured from the internal to the external surface is not expected to be larger than 0.5
m. In relation to the tank's 38.5~m diameter, it made sense to simplify the model by using
internal dimensions to calculate the wall surface areas for the different tank layers. Where \(k\)
is the thermal conductivity, \(A\) is the surface area, \(L\) is the layer thickness and \(\Delta T\)
is the temperature difference across the layer.

q =“2AT (6)

The third mode of heat transfer is radiation. Inside the tank, radiation is emitted from the
molten salt surface to the wall and roof. Outside the tank, radiation is emitted from the tank
wall and roof to the sky, while simultaneously absorbing incident solar radiation. A simplified
approach (equation 7) is used to compute the radiation leaving the molten salt surface. The
assumption made is that the interior roof and wall are black surfaces; reflections between them
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are ignored since the two surfaces are at approximately the same temperature and the focus
is on the amount of radiation leaving the salt [6]. Solar radiation also affects the system. lts
effect is to increase the external surface temperature and in doing so, reduce the heat loss
from the tank. The Northern Cape, South Africa is the location of all the country's utility-scale
CSP plants. The monthly average solar radiation for the Northern Cape is 267.38 W/m? [7].
This value is used along with the absorptivity of the tank jacket, to determine the irradiance.
The incident solar radiation reduces overall heat losses by increasing the outside surface tem-
perature, which in turn reduces the temperature difference across the tank wall layers.
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Figure 2. Simulink model showing the whole TES system

The model was implemented in MATLAB/Simulink using the Simscape thermal elements
package [8]. Simulink is a graphical modelling tool that facilitates the visualisation of the phys-
ical system. Figure 2 shows the model in the Simulink environment. Each labelled subsystem
represents the heat transfer through the different areas of the tank.

4. Validation and results

Studies by Tagle-Salazar et al. [4] and Zaversky et al. [5] have been identified which developed
very similar models for molten salt storage tanks. This study will serve as a reference for vali-
dating the model. Table 1 lists the parameters used in the study to define the system.

The tank wall and roof are composed of an inner stainless-steel layer and an outer ther-
mal-insulation layer. Finally, a thin layer of galvanised steel covers the insulation. The floor
consists of an inner layer of stainless steel, a thermal insulation layer, and a concrete layer. In
conventional designs, the concrete layer is air-cooled through a channel exposed to the at-
mosphere, maintaining the concrete temperature below 90 °C. This is implemented as a 90 °C
temperature boundary at the concrete-insulation interface.

Time-varying variables such as solar irradiance and wind speed are simplified by averag-
ing them over time. Salt and air properties inside the tank are calculated at the hot temperature,
while ambient temperature air properties are used external to the tank. Thermal conductivities
in the model vary with temperature.
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Table 1. Inputs to the model

Model inputs Unit Value

Diameter m 38.5

Height m 14

Full/Empty level m 13/0.7

Temperature Hot/Cold °C 565/290

Shell thickness Roof mm 6
Wall/Floor mm 4

Insulation type Roof - Calcium silicate
Wall - Mineral wool
Floor - Foamglas

Insulation thicknesses m 0.4

Ambient air temperature °C 22.4

Effective sky temperature °C 0

Concrete temperature °C 90

Insulation jacket material - Galvanised steel

Effective wind speed m/s 4.35

Effective solar irradiance W/m? 267

Figure 3 shows the heat loss components at different tank salt levels. These results were
recorded on the second simulation day to avoid the transient behaviour associated with start-
up conditions on the first day. Table 2 compares the results of this model with those developed
by Tagle-Salazar et al. [4] and Zaversky et al. [5]. The model's design inputs match those used
in the reference studies, enabling a direct comparison of outputs.
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Figure 3. Heat losses at various tank fill levels

14

The table lists the heat losses recorded by the reference studies and those calculated
using this model. The errors, calculated by equation 8 are reported alongside. The first error
column reports the error, normalised with the respective heat loss component. Doing so does
not account for the loss component's contribution to total losses, and hence some small com-
ponents can contribute to large percentage errors. The relative scale of the components can
be accounted for by normalising the error with respect to the total heat loss. The errors are
reported in the last column. All the heat losses are within 10% of the reference studies. This
level of accuracy is considered satisfactory for estimating heat losses from a storage tank. For
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research purposes, it is sufficient to compare different concepts rather than accurately account
for all the heat lost from the system.

Model—Reference
% error = (Tence) . 100% (8)

Table 2. A comparison of the heat loss results obtained

Salt | Component References | This model | % error | % error
level [kW] [kW] normalised by | normalised by
[2] [3] component total heat loss
heat loss
Surface radiation 180 163 -6 -2
Surface convection 5 18 140 1
Wall convection 195 218 12 5
— Floor convection 110 123 12 3
L | Total heat loss 490 523 7 7
Surface radiation 285 285 0 0
Surface convection 6 16 167 3
-~ Wall convection 9 10 11 0
2 | Floor convection 80 107 34 7
L.EJ Total heat loss 380 418 10 10

The model shows fair agreement with the reference studies. The model does use a few
simplifications: constant environmental parameters, a simplified radiation model for the tank's
internal surfaces, and a constant temperature profile throughout the molten salt in the tank. To
support the use of constant environmental parameters such as wind speed, solar irradiance,
and ambient temperature, a sensitivity analysis was performed to quantify the influence of each
variable on the system heat losses. The results are summarised in Table 3 below. Over the
ranges investigated, the effect of each parameter on heat loss did not exceed 2%, confirming
the approach and supporting the simplification. To estimate heat losses during the early feasi-
bility and conceptual phases of design projects, the model provides efficient insight into the
capabilities of thermal energy storage systems. For detailed design where accurate heat
losses and efficiencies are desired, a more refined model that revisits the simplifications made
should be implemented. This, however, is beyond the focus of this study.

Table 3. Sensitivity analysis

Parameter Unit | Value Total heat loss (kW) | % from baseline
Baseline - - 523 -

Ambient temp °C 20 2113421 ZZ

Wind speed m/s %2 ggg 822

Irradiance W/m? gOO gﬂ ;Z//Z

5. Case study: heat loss from a packed bed

The model developed in the previous section was validated for a standard molten salt tank. In
this section, we present a case study that applies the model to a packed-bed TES system. A
packed-bed tank should be much larger to achieve the same thermal storage capacity as the
previously explored molten salt tank. This is because the volumetric heat capacity of clay-
based bricks is approximately 1 MJ/m3K less than that of molten salt [9]. The increased tank
size translates into a larger surface area through which heat is lost from the tank. The tank
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investigated in the previous section is based on the Andasol CSP plant and is designed to
supply power to a power block rated at 150 MWe for 7.5 hours [10]. A packed bed tank with
an equivalent thermal storage capacity and a void fraction of 0.2 will need to be 14 m high by
58 m in diameter.

With a packed bed tank, the boundary conditions at the wet walls and the floor change.
There is no longer a convection boundary as with the standard molten salt case. Instead, the
bricks are now in contact with the internal tank walls, and heat is transferred via conduction. In
modelling the packed bed here, the complex heat transfer behaviour between the packed bed
and the molten salt is modelled as a lumped mass with uniform temperature to simplify the
analysis. This is implemented as a temperature boundary at the tank interior wall and floor.
This conservative assumption is appropriate for insulation sizing applications, where the de-
sign must accommodate the maximum heat flux condition that occurs when hot storage mate-
rial contacts the tank boundaries.

Table 4 lists the heat losses for a packed-bed TES system alongside the previously ob-
tained results for a standard molten-salt TES system. Under the conservative uniform-temper-
ature assumption, the packed bed system's upper-bound heat loss is approximately 70%
higher than the molten salt tank with equivalent storage capacity. This increase is primarily
attributable to the larger surface area required (58 m vs 38.5 m diameter) to compensate for
the lower volumetric heat capacity of the packed bed material. Measures to reduce heat loss,
such as increased insulation thickness, should be considered during detailed design.

Table 4. Comparison of heat losses between standard molten salt and a packed bed tank

Component Standard molten salt | Packed bed tank heat
tank heat loss [kW] loss [kW]

Surface (radiation) 163 363

Surface (convection) 18 20

Wall (conduction) 218 276

Floor 123 235

Total 523 893

6. Conclusion

The model was developed and shows reasonable agreement with published results for a two-
tank molten salt system under steady-state conditions. A sensitivity analysis confirmed that
time-varying ambient conditions affect total heat loss by no more than 2%, supporting the use
of representative average values. The model is suitable for comparative assessment of TES
configurations during conceptual design. Its application to a packed-bed system was demon-
strated, with the conservative uniform-temperature assumption providing an upper bound on
heat losses suitable for insulation sizing.
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